Abstract: Twin-screw kneader is an efficient polymer processing equipment. In this paper, the mixing performance of one novel intermeshing counter-rotating twin-screw kneader with different tip angles of the male rotor is simulated using the mesh superimposition technique (MST). Statistical analysis is carried out for the flow field using particle tracking technique, and distributive mixing performance is evaluated using the residence time distribution and segregation scale, while the dispersive mixing performance is estimated using the parameters such as shear rate, stretching rate and mixing index. The results show that the best distributive mixing performance is achieved when the tip angle is 0 o , while the optimal dispersive mixing performance is obtained when the tip angle is 20 o . The results in this paper provide a data basis for the selection of parameters and optimization of the performance for the screw rotors.
Introduction
Kneaders are closed operation units based on a self-cleaning mechanism. Nowadays, the kneaders are widely used in blister forming and extrusion forming as well as in chemical industry, rubber industry or pharmaceutical industry for various purposes. As a continuous high efficient polymer processing mixer, especially with the rapid development of modern high polymer synthesis industries, kneaders are widely used as the core equipment of polymer reactors.
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Recently, twin-screw kneaders, as one type of kneaders, are used more and more in polymer processing. The main functions of the twin-screw kneader are self-cleaning, conveying, mixing, melting, shearing and rolling. The core component of twin-screw kneader is one pair of intermeshing screw elements. As is known to all, for the conventional screw elements of co-rotating or counter-rotating twin-screw kneaders, they have identical end cross-sections and rotate at the same speed, when the teeth number is odd, the two screw elements have the same position layout, while there is a phase difference between the screw elements when the teeth number is even. With the rapid development of the polymer industry, higher request is put forward to the twin screw kneader, such as higher melting efficiency, better mixing quality etc., while the conventional screw elements are increasingly unable to meet these requirements. Therefore, screw elements have been emphasized on and developed continuously, and different types of screw elements have been invented in recent years, such as the screw mixing element (SME), a kind of special element, was a distributive mixing promoter consisting of a standard screw profile with slots cut across the flight tip to increase leakage flow, 폴리머, 제39권 제3호, 2015년 mechanical design itself. But these mechanisms can be improved by changing the profiles of twin-shaft kneaders based on the gear engagement theory. For screw pumps, the fill level of the plug-flow reactor depends on the intrinsic selfcleaning properties of the reactor itself. This phenomenon is well known as the "compulsory transportation effect" or "pumping effect". Based on these observations and working principles of traditional twin-screw kneaders, a novel continuous differential counter-rotating twin-screw kneader reactor, which is composed of self-cleaning, compulsory transportation and mixing and plasticizing, is proposed ( Figure  1(a) ), and the teeth number of the female and male rotors is four and one respectively. 8 The working principles of the twinscrew kneader are analyzed and numerical simulations for dynamic characteristics of the flow field are carried out. Threedimensional, isothermal and steady state numerical analysis of a non-Newtonian fluid is presented based on computational fluid dynamics (CFD) theory, and the characteristics under the conditions of different speeds and center distances are studied.
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The static loads on twin-screw kneaders were studied and a mathematical model of the force and torque moments using a numerical integration method based on differential geometry theory is presented.
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In actual application process, two or more polymers are usually mixed to achieve the performance requirements of the final product in order to eliminate the performance deficiencies since single polymer cannot meet with the materials performance requirements. The morphology and the specific properties of the final product depends on the uniformity of the mixture and therefore on the quality of the mixing. Mixing is comprised of distributive mixing and dispersive mixing, and distributive mixing, achieved by frequent rearrangement and reorientation, is used to describe the distribution of different components in the volume under consideration, while dispersive mixing, obtained by the shear and elongational effect, involves disaggregating or dispersing solid particles, liquid droplets, or gas bubbles. Both goals can be achieved simultaneously or in several steps in the mixer.
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Nowadays, two methods are widely used to study the mixing performance. The first is experimental approach, while the other is the numerical method. References 12 and 13 adopt the experimental method and the numerical method respectively to analyze the mixing performance of mixer. Due to the complexity of the flow field and the limitations of experiment, it is almost impossible to obtain all local information by using the experimental approaches, and experimental approaches are usually very expensive and time consuming. It is an effective way to study the mixing performance by using professional fluid simulation software, such as FIDAP, POLYFLOW, FLU-ENT. Numerical simulation methods not only have the advantages of low cost and fast speed, but also can solve those problems that are difficult to solve by experiments.
In the process of researching the mixing performance, influence of the proportion of different materials, screw speed, center distance, screw pitch and other design and process parameters on the mixing performance is usually studied by the researchers. T. Ishikawa et al. have evaluated the tip-clearance effect on mixing at the kneading block section of one corotating twin-screw extruders using 3-D numerical simulations based on finite element technique with the marker particle tracking analysis.
14 M. A. Emin et al. 15 have simulated the flow of plasticized maize starch in a co-rotating twin-screw extruder using computational fluid dynamic (CFD), and the flow type and profile in the extruder were discussed by using the influence of screw speed and screw configuration as exemplary process parameters. In order to determine the flow patterns in Figure 1 (a)) using finite element method (FEM) combined with MST, and discussed the influence of center distance, lead and speed of rotor on the mixing performance. 18 But for the design parameter of the tip angle, 19 which directly determines the size of the screw edge region when the tip circle radius of the screw is given, not much published work is available on the analysis of its influence on the mixing performance. In this paper, the object of this work is to evaluate the sensitivity of tip angle on the mixing performance of screw rotors for above proposed novel twin-screw kneader using FEM along with MST as implemented by POLYFLOW to calculate the residence time distribution (RTD), segregation scale, shear rates, stretching rates and mixing indexes during the mixing process.
Numerical Models and Boundary Conditions
Geometry Model. Profiles of the Female Screw Rotor: The original profiles of the end cross-section are shown in Figure 1(b) , it can be seen that the profiles of the female and the male rotors are symmetric, and there are total seven segments in each end cross-section, moreover, in order to facilitate the research, the half tip angle of the male rotor, which is denoted by θ, is taken as the study object.
a) Parameter equations for ab and gh at the end cross-section of the female rotor ab and gh at the end cross-section of the female rotor are two arcs with radius R a . Parameter equation for ab is: (1) Parameter equation for gh is: (2) In eqs. (1) and (2), u b is the right boundary of u ab and u g is the left boundary of u gh . Both of them can be calculated by giving the tip circle radius R a and center distance A between the female and the male rotor. b) Parameter equation for bc and fg at the end cross-section of the female rotor bc and fg at the end cross-section of female rotor are two points, which can be expressed as: 
, Z m and Z f are the teeth number of male rotor and female rotor respectively.
Parameter equation for ef is:
(x ef , y ef ) and (x e'f' , y e'f' ) are the coordinates of points ef and e'f', and x e'f' = −R a cosθ, y e'f' = R a sinθ.
d) Parameter equations for de at the end cross-section of the female rotor de at the end cross-section of the female rotor is a section of
arc with radius A−R a . Parameter equation for de is:
(x ed , y de ) are the coordinates of the points of de.
Profiles of the Male Screw Rotor: a) Parameter equations for a'b' and g'h' at the end cross-section of the male rotor a'b' and g'h' at the end cross-section of male rotor are two arcs with radius A−R a . Parameter equation of a'b' is: (8) Parameter equation for g'h' is: Parameter equation for f'g' is:
(11) (x fg , y fg ) and (x f'g' , y f'g' ) are the coordinates of the points of fg and f'g'. c) Parameter equation for c'd' and e'f' at the end cross-section of the male rotor c'd' and e'f' at the end cross-section of male rotor are two points, which can be expressed as: (12) 
Evolution of the Profiles at the End Cross-section of the Rotors: When the tip angle θ is 0
, e'f' at the end cross-section of the male rotor merge into a point c'f', whose coordinate is (R a , 0), meanwhile, arc de at the end cross-section of the female rotor turn into a point whose coordinate is (A− R a , 0), and together with cd, ef merge into a new cycloid cf, which is exactly formed by the track of point c'f'. The final end cross-section is just the end cross-section as shown in Figure  1 (a), and at this time, parameter equation for cf is: (15) (x cf , y cf ) are the coordinates of the points of cf. Properties and forming methods of other segments of the profiles have no change, and various profiles at the end crosssection can be obtained when giving different non-vanishing tip angles.
Geometry Model of the Screw Rotors: When the profiles at the end cross-section of female and male rotors rotate along their center axes with a certain lead, a three-dimensional solid model of the screw rotors can be obtained. The parametric equations of a right-directional helicoid can be expressed as: (16) where, (x(t), y(t)) are the coordinates of the profiles at the end cross-section of female and male rotors. τ is a parametric variable, which shows the rotation angle from the initial position to the end position along axis z, S is the lead of the screw
rotors, for male and female rotor, S is S M and S F , respectively. Here the clockwise direction is taken as the positive value, and for left-directional helicoid, the positive sign in front of τ in the equations of x and y needs to be changed to negative sign. According to the equations of helicoid and the coordinates of the profiles at the end cross-section of the rotors, the 3D model of the female and male rotors can be obtained. Figure 2 shows the geometry models of female and male rotors when the tip angle is 0 , respectively. With the increasing of tip angle θ, dimension of the screw groove increases and the size of the screw edge region decreases gradually of the female rotor, while the male rotor is opposite. So it is clear that tip angle of the male rotor directly affects the dimensions of screw groove and screw edge region, which are the important parameters in the design of screw rotors. Therefore, in order to design screw rotors with reasonable structure and ideal performance, study of the relationship between the tip angle and the mixing performance will be helpful.
In this paper, five groups of tip angles are selected, which are 0 Finite Element Model. POLYFLOW is a finite element computational fluid dynamics (CFD) program designed primarily for simulating applications where viscous and viscoelastic flows play an important role. The flows can be isothermal or non-isothermal, two or three-dimensional, steady-state or time-dependent. POLYFLOW is usually used to solve flow problems in polymer and rubber processing, food rheology, glass-work furnaces, and many other rheological applications, and it has a wide variety of fluid models and enough constitutive models available.
After building the geometry models of screw rotors and flow channel, finite element mesh generation and specifying of the boundary and region types are done by GAMBIT, the preprocessor of POLYFLOW. In order to facilitate comparison, the identical method of mesh generation is applied in different tip angels. Since the simulation process used is the transient analysis, POLYFLOW will remesh the rotors and flow channel at each time step using MST. Figure 3 shows the finite element models of screw rotors and flow channel at θ = 0 o , the left female screw rotor and the right male rotor has 145383 and 105140 tetrahedral elements, respectively, while there are a total of 128000 hexahedron elements in the flow channel region with a three-layer boundary layer that has a thick equal to the clearance between the screw rotor and flow channel, and the intermeshing area has been refined in order to obtain a good result.
Mathematical Model and Boundary Conditions. In the simulation process of flow field, taking the specific process conditions of melt conveying section and polymer properties into account, following assumptions are made: 
where, is the Hamilton operator, v is the velocity vector, β is the relative compression factor, default is 0.01 in POLY-FLOW, η is the apparent viscosity, p is the pressure, H is a step function, value is 0 or 1, is the local velocity of moving parts, T is the extra-stress tensor, ρ is the density of material, ρg is the volume force, ρa is the acceleration term, D is the rate of deformation tensor.
The fluid is the generalized fluid and its constitutive equation follows Bird-Carreau model, which can be expressed as:
21 (20) where, η ∞ is infinite shear rate viscosity, and its value is zero, η 0 is zero shear rate viscosity, λ is the natural time, n is the power-law index.
In the simulation, physical parameters of HDPE, which is: η 0 =2100 pa·s, η=0.07 s, n=0.58, are used.
During the simulation, the female rotor rotates counterclockwise while the male rotor rotates clockwise, and the rotational speeds of them are 25 and 100 rpm, respectively. Since the rotation angle of male and female rotors are set as 9 o and 36 o , respectively each time, so the time step is 0.06 s. In the analysis process, the screw rotors are considered as the moving parts, due to no slip of the screw surface, so the melt speed of the screw surface is the same as that of the screw surface. As the barrel is a fixed component, so the speed of the outer wall of the flow channel which coincides with the barrel inner surface is zero. Inlet and outlet, of the channel adopt the differential pressure boundary condition, that is ∆P=P o −P I , and in the CFD software POLYFLOW, it is required to specify the pressure of inlet and outlet, respectively, meanwhile, in this paper the purpose is to study the mixing performance in different tip angles of one novel twin-screw kneader whose pressure difference is 5.0 MPa, and the inlet and outlet pressure is set as 0 and 5.0 MPa in the simulation, respectively.
Results and Discussion
Spatial Flow Pattern of Particles in the Flow Channel. For the dynamic simulation of mixing process, the lead of male rotor is 50 mm, rotation speed is 100 rpm, since the ratio of teeth number of female and male rotors is four to one, the lead of female rotor is 200 mm and revolving speed is 25 rpm, center distance between the axes of female rotor and male rotor is 50.4 mm. According to the simulation results, spatial flow patterns of particles in different tip angles are consistent, and here the spatial flow pattern when the tip angle is 0 o is given to describe this process. At t = 0 s, 1500 particles were evenly placed initially in the inlet of the flow channel, and these particles are considered to be massless points such that their presence does not affect the flow field and interactions among particles, such as Van der Waals attraction forces and friction are ignored. 22 In order to facilitate the observation of particles mixing, a concentration field is created in the entry section, because there is no diffusion and chemical reactions between the particles, so the concentration of any particle is a constant, and the particles in the upper part of the inlet have a concentration 1 and their colors are red, while the particles in the lower part have a concentration 0 and their colors are blue. With the rotation of the screw rotors, tracer particles flow from inlet to outlet in the flow channel gradually. Figure 4 records the movement situation of the particles from t = 0 s to t = 5.88 s. At t = 0.42 s, it can be seen that the particles are pushed forward with the rotation of the screw rotors, meanwhile, it exists a mutual exchange of particles between the upper and lower part during the movement, but it is not obvious. At t = 0.84 s, we find that there are more blue particles moving into the upper part of the right side of the channel, but almost no particles move into the upper part of the left side of the channel, which is mainly because the rotational speed of male screw is significantly higher than that of the female screw, so the blue particles move into the upper part from the lower part of the channel in a shorter time under the driving of the male rotor. At t = 1.26 s, some blue particles have moved into the upper part of the left side of the channel, which is rather obvious when t = 1.68 s.
As the time goes on, tracer particles continue to move in the flow channel and the particle exchange is more intensified. At t = 4.62 s, some tracer particles have reached the end of the flow channel and outflow from the outlet. At t = 5.88 s, the two kinds of particles have achieved the ideal mixing effect, and the particles outflow from the outlet have reached a better mixing state. The spatial flow pattern of particles in the flow channel indicates that particles not only exist the axial movement in the flow channel, but also there is cross flow between the upper and lower part. Therefore, the particles continuously Vol. 39, No. 3, 2015 exchange between the two sides of the flow channel, which can improve the distributive mixing capability.
Trajectories of Particles. It is very important to investigate the particle trajectories for comprehensively understanding the conveying and mixing mechanism for materials in the process of studying the mixing ability of the twin-screw kneader. Through the analysis of particle trajectories, it can basically determine the process of conveying and mixing of material. Generally, most researchers implement the experiment observation by transparent barrel made of high polymer material or 
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the observation window which is set up on the barrel, meanwhile, tracer material is added to obtain the information of conveying and mixing. With the development of CFD technique, we can use computer simulation technology to carry out the visualization research of particle trajectories in polymer processing.
In this paper, visualization research of particle trajectories is implemented by using the computational fluid dynamics software POLYFLOW. In order to obtain the trajectories of particles in the flow channel, first of all it needs to calculate the velocity field by defining and solving the Navier-Stokes equations in the fluid region, and then we can obtain the particle trajectories through integral the velocity vector on time. As can be seen in Figure 5 , both red and blue tracer particles exist four types of trajectories, as shown in Figure 5 (a), (b), (c), (d) and Figure 5 (e), (f), (g), (h), respectively. Moreover, the four types of trajectories can be divided into two categories, of which the first is that the particle trajectories pass through only one side of the channel, as shown in Figure 5(a), (b) , (e), (f), the other is that the particle trajectories pass through both sides of the channel, as shown in Figure 5 (c), (d), (g), (h), and most of the particle trajectories belong to the latter. For each category, some of the particle trajectories are relatively simple, while others are complicated, and to a certain extent, the more complex the particle trajectory is, the more fully it mixes. Based on the particle trajectories, it can be clearly seen that tracer particles exist circulation and back flow patterns along the screw rotors in the whole flow channel, which is mainly due to the back pressure. Significantly, circulation and back flow is beneficial to the mixing of materials, but the residence time of particles will increase. Meanwhile, it is noteworthy that in the process of visualization research of the particle trajectories, almost no particle trajectories are found only pass through the left side of the channel, which is mainly because the rotational speed of the female screw is low in the mixing process, leads to the particles in the left side of the channel have a higher chance to be dragged into the right side of the channel by the male rotor with a high speed. Thus, it is clear that the male screw plays an important role in the mixing process.
In order to study the mixing performance of screw rotors in different tip angles, statistical analysis was carried out for flow field using particle tracking technique to obtain the parameters along the particle trajectories, such as the residence time, segregation scale, shear rate, stretching rate, and the mixing index, to estimate the distributive and dispersive mixing performance of the screw rotors.
Evaluation of Distributive Mixing Performance with RTD. Residence time distribution (RTD) is an important indicator to measure the distributive mixing performance. 23 The residence time is usually used to describe the time history of a fluid inside a reactor. As the trajectories and the velocities along these trajectories are often different for the particles, so the residence time is not unique, and the longer the residence time is, the better the mixing effect is. Comparing the RTD curves under different tip angles can directly reflect the effect of distributive mixing under different conditions. The residence time distribution function and the cumulative residence time distribution function are given by eqs. (21) and (22).
where, C is the concentration of the tracer at the exit at time t, ∆t is the time step. In the process of describing the spatial flow pattern of particles, we defined the particles with a concentration 1 in the upper part of the channel inlet, while a concentration 0 in the lower part. Now, let c denotes the concentration of particles in the mixing process, and its evolution is governed by c & =0.
At time t, consider a set of M pairs of particles separated by a distance r. For the j-th pair and time t, let c' j and c'' j denote the concentrations at both particles of the pair, moreover, let c denotes the average concentration of all particles and σ c the standard deviation. At time t, the correlation coefficient R(r, t) for the concentration is defined as follows: (23) The function R(r, t) gives the probability of finding a pair of random particles with a relative distance r and with the same concentration. Let ξ be such that R(ξ, t)=0, when r = ξ, it cannot predict whether the members of the pair have the same concentration or not. The segregation scale S(t) is defined as shown in eq. (24) . (24) In eq. (24), S(t) is a measure of the size of the regions of homogeneous concentration, and S(t) decreases when mixing improves.
Curves of segregation scale changing with time in different tip angles are shown in Figure 8 . As can be seen, in the initial stage, the segregation scale gradually become smaller with time, after about 6 s, the curves of segregation scale corresponding to 20
o and 40 o appeare to fluctuate, and the values of segregation scale increases obviously, which indicate that particle accumulation phenomenon has emerged in the mixing process, and this phenomenon is not conducive to the distributive mixing of particles. When the tip angle is 0 o and 10 o , the segregation scale curves also have the rising trend, but 
finally tend to be stable, and the value is small. Based on the above analysis, the comprehensive judgment is obtained that when the tip angle is smaller than 20 o , the distributive mixing ability of screw rotors is better than that while the tip angle is greater than 20 o , and the best distributive mixing ability of screw rotor can be achieved when the tip angle is 0 o . Evaluation of Dispersive Mixing Performance with Shear Rate and Stretching Rate. Sizes of material particles decrease continuously in the dispersive mixing process, and the shear rate and stretching rate plays a major role in the process, the larger shear rate and stretching rate can effectively promote the dispersion of particles. Figure 9 shows the probability density function curves of maximum shear rate and stretching rate respectively, and it can be seen that this two set of curves have the similar distribution trend respectively, but it's important to note the difference of peak in each set of curves, for example, when the tip angle is 20 o , its corresponding peak is the smallest in each set of curves, which means at this time the number of particles with low maximum shear rate and stretching rate is the least, so there will be many particles subject to a high maximum shear rate and stretching rate, and the dispersive mixing performance will be better.
In order to study the overall dispersive mixing performance of screw rotors in different tip angles, the average of maximum shear rate and stretching rate is solved. As shown in Figure 10 , it can be seen that when the tip angle is 20 o , its corresponding value is obviously higher than that in other angles, which indicates that the particles have subjected to a stronger shear and stretching effect at this time, and the dispersive mixing performance of the screw rotor will be better. Moreover, when the tip angle is less than 20 o , the corresponding value is higher than that when the tip angle is greater than 20 o , which indicates that when the tip angle is less than 20 o , the particles have experienced higher shear and stretching effect in the mixing process, and the difference of dispersive mixing performance in different tip angles will be further discussed below.
Evaluations of Dispersive Mixing Performance with Mixing Index. In order to further study the dispersive mixing performance of the screw rotors, the parameter of mixing index, which is introduced by Cheng and Manas-Zloczower and can be considered to be a mapping of the mechanism of dispersive mixing within the kneader, is used to evaluate the flow characteristics of flow field. Its definition is shown in eq. (25): where, D is the rate of strain tensor and W is the vorticity tensor, which are the symmetric and asymmetric components of the velocity gradient tensor. For a mixing index of 0, the system is undergoing purely rotational flow and no effective mixing can occur, and a mixing index 0.5 denotes simple shear flow, while a value of 1.0 denotes elongational flow, and elongational flow is more effective than the simple shear flow in the process of dispersive mixing. 26 Similarly, the average of the maximum mixing index is calculated to estimate the overall dispersive mixing ability of screw rotor in different tip angles. As shown in Figure 11 , we can see that when the tip angle is 20 o , its corresponding value is the maximum, which indicates that the dispersive mixing performance is the best at this time, and it is consistent with the above analysis. Moreover, when the tip angle is less than 20 o , its corresponding value is lower than that while the tip angle is greater than 20 o , which is opposite to the change trend shown in Figure 10 , and it shows that when the screw angle is less than 20 o , the proportion of shear flow the particles experienced is higher than that while the tip angle is greater than 20 o .
Conclusions
In this paper, the mixing performance of the screw rotors for one novel intermeshing counter-rotating twin-screw kneader in different tip angles is analyzed using FEM along with MST implemented by POLYFLOW. Particle tracking technique is used to obtain the parameters along the particle trajectories, such as the residence time, segregation scale, shear rate, stretching rate, and the mixing index, and then statistical analysis is carried out to estimate the distributive and dispersive mixing performance of the screw rotors. The conclusions are as followings:
1. The spatial flow pattern and trajectories of the particles indicate that particles not only exist the axial movement in the mixing process, but also cross flow between the upper and lower part of the flow channel. Therefore, the particles continuously exchange between the two sides of the flow channel, which can improve the distributive mixing capability, and for the screw rotors, the male screw with a high rotating speed plays an important role in the mixing process.
2. In the process of statistical analysis, distributive mixing performance is estimated using the RTD and the segregation scale, while the dispersive mixing performance is evaluated using the average of the maximum shear rate and stretching rate as well as the mixing index. The results show that, when 
